Figure 1. Release of M1 Protein from the Streptococcal Surface Following Treatment with Supernatants from Stimulated PMNs
(A) AP1 bacteria (2 ϫ 10 9 bacteria/ml) were incubated with a serial dilution (100 l, 10 l, or 1 l; lanes 2-4) of exudate from stimulated PMNs (2 ϫ 10 6 cells/ml, see also Experimental Procedures) for 2 hr at 37ЊC. As a control, the bacteria were incubated with buffer alone (lane 1). Bacteria were centrifuged and the resulting supernatants were run on SDS-PAGE. Separated proteins were transferred onto nitrocellulose and probed with antibodies to M1 protein. Bound antibodies were detected by peroxidase-conjugated secondary antibodies to rabbit immunoglobulin. (B) 10 ng purified M1 protein (lane 1), AP1 surface proteins released with 100 l neutrophil secretion products (lane 2), and 10 ng purified protein H (lane 3) were subjected to SDS-PAGE. After transfer onto nitrocellulose membranes, the membranes were incubated with fibrinogen (2 g/ml) followed by immunodetection with rabbit antibodies to human fibrinogen and a peroxidase-conjugated secondary antibody against rabbit immunoglobulin. phil proteinases, bacteria of the M1 serotype (AP1) were specificity of the antibody (data not shown). As mentioned above, M protein has an affinity for fibrinogen and incubated with serial dilutions of secretion products from PMNs stimulated by antibody-crosslinking of in the AP1 strain, the M1 protein is the only fibrinogen binding molecule (Berge and Bjö rck, 1995; Herwald et CD11b/CD18. As described previously, activation of the ␤ 2 integrins by antibody-crosslinking mimics adhesional., 2003; Kihlberg et al., 1995) . To test whether the generated M1 protein fragments were still capable of binddependent receptor engagement and induces the release of neutrophil elastase, cathepsin G, and proteining fibrinogen, streptococcal proteins released by neutrophil exudate were run on SDS-PAGE and transferred ase 3 (Gautam et al., 2000) . This was confirmed in the present study using an indirect ELISA (data not shown).
onto nitrocellulose. Filters were probed with fibrinogen followed by immunodetection with specific antibodies Incubation of AP1 bacteria with neutrophil exudates results in the release of several streptococcal surface proagainst fibrinogen. Whereas M1 protein binds fibrino- Figure 1B , which also shows that treatment with secreted neutrophil proteinblot analysis using a polyclonal antiserum against M1 protein. Figure 1A shows that in the absence of secreted ases releases several fibrinogen binding peptides from AP1 bacteria ( Figure 1B , lane 2). The molecular masses neutrophil components, only small amounts of M1 protein are released from the bacterial surface, whereas of these peptides correlate well with the M1 protein fragments seen in Figure 1A . Identical membranes that larger quantities of M1 protein fragments with different molecular masses were detected when bacteria were were incubated with the antifibrinogen antibodies alone failed to give any reactivity, showing that the antibodies incubated with increasing volumes of neutrophil secretion products. A size-comparison of the largest M1 prodo not crossreact with neutrophil or streptococcal components (data not shown). Transmission electron mitein fragment with intact M1 protein suggests that it covers most, if not all, of the extracellular part of the croscopy analyses of thin-sectioned AP1 bacteria before and after incubation with neutrophil exudates, molecule. With increasing concentrations of neutrophil secretion products, M1 protein was further degraded revealed that the secreted proteinases efficiently remove the fibrous surface proteins of AP1 bacteria (Fig-(Figure 1A ). In the absence of bacteria, neutrophil secretion products probed with antiserum against M1 protein ures 1C and 1D Figure 2C shows that 1/10) provoked a visible precipitate, while at other consupernatants of an overnight culture from MC25 bacteria centrations of M1 protein no precipitate was formed in when added to human blood, trigger the release of HBP, the plasma sample. The results of Figure 3A show that while culture supernatants from AP1 bacteria or growth and fibrinogen (Kantor, 1965) . The interaction between ine proteinase inhibitors did not influence M1 proteininduced precipitation, indicating that a thrombin-like purified M1 protein and purified fibrinogen was therefore investigated, and also in buffer precipitates were formed cleavage of fibrinogen did not cause the precipitation (data not shown). Scanning electron microscopy reat the same concentrations of M1 protein and fibrinogen as in plasma ( Figure 3C ). In contrast, no precipitation vealed amorphous aggregates ( Figure 3D ), whereas plasma clots induced by thrombin showed networks of occurred when M1 protein was added to fibrinogendeficient plasma (data not shown). The presence of serfibrin fibrils similar to those described previously (Her- hemorrhage and the alveoli were less swollen in these activate PMNs via the ␤ 2 integrins, which causes massive vascular leakage and deposition of protein aggremice ( Figure 5E ). In order to investigate lung tissue at higher magnification, tissue sections were also analyzed gates in the lung tissue. The results also show that the pathophysiological effect of the complexes is blocked by scanning electron microscopy. Figure 5F shows a lung section from a PBS-treated mouse with no signs when fibrinogen-induced crosslinking of ␤ 2 integrins is prevented by the Gly-Pro-Arg-Pro peptide. of pulmonary damage. However, injection of M1 protein resulted in severe leakage of erythrocytes as seen before, but also in the deposition of proteinous aggregates
gen, the closely related protein H does not (Å kesson et teins as determined by SDS-PAGE (data not shown). The presence of M1 protein was analyzed by Western al., 1994). This is demonstrated in
The Gly-Pro-Arg-Pro Peptide Prevents Vascular Leakage and Lung Damage in Mice Infected ( Figure 5G ). The morphology of the aggregates resembles the M1 protein-induced amorphous plasma precipiwith M1 Protein-Expressing S. pyogenes Bacteria In a second series of animal experiments, nine mice were tates seen in Figure 4C (left image). The lungs of mice injected with M1 protein and Gly-Pro-Arg-Pro contained subcutaneously infected with M1 protein-expressing S. pyogenes bacteria in PBS. Three mice were treated with no precipitates, but some alveolar swelling and minor leakage of erythrocytes were observed indicating an either peptide Gly-Pro-Arg-Pro or Gly-His-Arg-Pro as described in Experimental Procedures, while three mice inflammatory reaction ( Figure 5H ). In contrast, treatment with Gly-His-Pro-Arg did not influence M1 proteinreceived only the bacterial suspension. As a negative control, three mice were given a subcutaneous injection induced lung damage ( Figure 5I ). The injection of protein H did neither cause serious bleeding nor did the tissue of PBS. Six hours after infection, animals were sacrificed, blood samples were taken, and lungs were reappear to be inflamed ( Figure 5J ). The animal experiments suggest that M1 protein/fibrinogen complexes moved and examined by scanning electron microscopy. No bacterial growth was recorded in the blood samples necrotizing fasciitis, a deep and extensive soft tissue infection resembling the subcutaneous murine model of from the animals, indicating that during this 6 hr period the bacteria had not yet disseminated from the local infection described above. We therefore investigated whether M1 protein/fibrinogen complexes could be desite of infection. Figures 6A-6D show electron micrographs of representative lung tissue sections from these tected in biopsies from infected soft tissue obtained from a patient with necrotizing fasciitis and STSS. Tissue animals. Recovered lungs from mice that received buffer alone ( Figure 6A ) showed no signs of pulmonary damsections were analyzed by confocal immunofluorescence microscopy using antibodies against M1 protein age. However, mice that were infected with streptococci were suffering from severe lung lesions characterized and fibrinogen. Numerous streptococci are found at the epicenter of the infection, and although some M1 protein by protein deposits ( Figure 6B ). When infected animals were treated with Gly-Pro-Arg-Pro, the lung tissue was is still associated with the bacteria, most has been released into the tissue (Figure 7) . Importantly, the shedmuch less affected ( Figure 6C ), whereas treatment with Gly-His-Arg-Pro failed to prevent pulmonary lesions ded M1 protein colocalized with fibrinogen, demonstrating that the amount of M1 protein at the site of infection ( Figure 6D ). Lung tissue from these mice was also analyzed by immunostaining and scanning electron microsis sufficient to allow the formation of large M1 protein/ fibrinogen complexes. M1 protein was not detected in copy using antibodies against M1 protein which were detected by gold labeled secondary antibodies. ). Staining for the M1 protein was detected using peroxidase-conjugated secondary antibodies against achieved by incubation with a polyclonal rabbit antiserum against rabbit IgG (dilution 1:3000) followed by a chemiluminescence detec-M1 (diluted 1:10 000), double staining for fibrinogen was obtained tion method. Alternatively, membranes were blocked, incubated through direct labeling of purified rabbit antihuman fibrinogen antiwith fibrinogen (2 g/ml), followed by immunodetection with rabbit bodies diluted to a concentration of 3 mg/ml (Dakocytomation) by antibodies to fibrinogen (1:1000) and peroxidase-conjugated secZenon Alexa fluor 532 IgG labeling kit (Molecular Probes). A polyondary antibodies against rabbit immunoglobulin (1:3000 diluted).
clonal rabbit antiserum against the Lancefield group A carbohydrate was used to detect S. pyogenes (Norrby-Teglund et al., 2001). Single Determination of HBP stainings were performed to assure specificity of staining patterns. For evaluation, the Leica confocal scanner TCS2 AOBS with an 100 l human blood were diluted in PBS to a final volume of 1.0 ml inverted Leica DMIRE2 microscope was used. and incubated with various PMNs-activating components for 30 min at 37ЊC. Cells were centrifuged (300 ϫ g for 15 min) and the resulting
